The objective of this work is to use phage display libraries as a screening tool to identify peptides that facilitate transport across the mucus barrier. Mucus is a complex selective barrier to particles and molecules, limiting penetration to the epithelial surface of mucosal tissues. In mucus-associated diseases such as cystic fibrosis (CF), mucus has increased viscoelasticity and a higher concentration of covalent and non-covalent physical entanglements compared to healthy tissues, which greatly hinders permeability and transport of drugs and particles across the mucosae for therapeutic delivery. Treatment of CF lung diseases and associated infections must overcome this abnormal mucosal barrier. Critical bottlenecks hindering effective drug penetration remain and while recent studies have shown hydrophilic, net-neutral charge polymers can improve the transport of nanoparticles and minimize interactions with mucus, there is a dearth of alternative carriers available. We hypothesized that the screening of a phage peptide library against a CF mucus model would lead to the identification of phage-displayed peptide sequences able to improve transport in mucus. These combinatorial libraries possess a large diversity of peptide-based formulations (10 8 - 10 9 ) to achieve unprecedented screening for potential mucus-penetrating peptides. Here, phage clones displaying discovered peptides were shown to have up to 2.6-fold enhanced diffusivity in the CF mucus model. In addition, we demonstrate reduced binding affinities to mucin compared to wild-type control. These findings suggest that phage display libraries can be used as a strategy to improve transmucosal delivery.
Introduction
The dense, viscoelastic mucus layer lining epithelial cells acts as a selective filter to drugs and other molecules and limits their therapeutic efficacy, necessitating the development of drug delivery systems with improved transport in mucus. The mucus layer consists of mostly water and mucin glycoprotein, along with globular proteins, salts, lipids, DNA, cells, and cellular debris (Bansil and Turner, 2006; Button and Button, 2013; Carlstedt and Sheehan, 1989; Cone, 2005; Leal et al., 2017; Thornton and Sheehan, 2004) . The mucin glycoprotein is highly negatively charged due to high sialic acid and sulfate content. Within the mucus layer, there are a high number of physical entanglements, resulting in a heterogeneous mesh network with pore sizes ranging from 20 to 1800 nm across different organs and diseases (Leal et al., 2017) . Collectively, these physicochemical properties of mucus decrease effective penetration and diffusion of drugs, molecules, and particles (Leal et al., 2017; Lieleg and Ribbeck, 2011; Sanders et al., 2009 ).
Several strategies have been exploited to improve mucosal permeability of drugs, including nanoparticle-based formulations, permeation enhancers, nanoemulsions, polymers, enzymes, and liposomes (Crater and Carrier, 2010; Cu and Saltzman, 2009; Lai et al., 2007; Lieleg et al., 2010; Schuster et al., 2013; Suk et al., 2009; Tang et al., 2009b) . While these studies have given insight into the importance of size and charge for improved particle transport through mucus, these formulations mostly rely on repeating simple chemistries on uniformly sized and charged formulations (Li et al., 2013) , and may not necessarily possess the chemical complexity of natural mucus interacting compounds in terms of intermolecular interactions and chemical binding (Li et al., 2013) . In nature, viruses and macromolecules have evolved to possess desired physicochemical and biological properties for efficient transport through mucus. Virus-like particles have demonstrated unhindered diffusive transport through mucus while displaying complex coat proteins on their surface (Olmsted et al., 2001) . Additionally, recent work indicates that particle transport through hydrogels and mucus requires particles with asymmetric charge properties, which have not been observed using current drug formulations (de Sousa et al., 2015; Li et al., 2013; Zhang et al., 2015) . These findings collectively suggest that biologically complex molecules can achieve effective, unhindered transport through mucus barriers.
Inspired by nature to investigate and potentially improve the transport of molecules across the mucus barrier, we studied the use of bacteriophage (phage) libraries as a screening technology to identify novel mucus-penetrating peptides for diffusive transport through a mucus model (Fig. 1) . Phage display is a technology whereby peptides, proteins, or antibody fragments are genetically engineered into the genome of the phage (i.e. virus that infects bacteria) to be displayed on the surface of the phage (Smith, 1985) . With phage libraries, random peptides or antibody fragments are displayed on a coat protein of phage, and each phage displays a different peptide sequence with up to 10 10 diversity (i.e. each phage displays copies of a different peptide).
These libraries effectively function as a large collection of chemical formulations with diverse physicochemical properties and functionalities. These phage-presenting peptide libraries are subsequently screened against the desired target in vitro or in vivo; peptides that have affinity for the target are collected, amplified (i.e. make more copies) and re-screened until a subset of peptides has been identified to have the desired functionalities. Phage display libraries have been widely used to identify peptides for diverse applications including translocation across the gastrointestinal tract mucosa (Duerr et al., 2004; Hamzeh-Mivehroud et al., 2008; Kang et al., 2008; Kenngott et al., 2016; Yamaguchi et al., 2017) , epitope mapping (Scott and Smith, 1990) , ligand discovery against cells and tissues (Barry et al., 1996; Fievez et al., 2010; Higgins et al., 2004; Liu et al., 2015; Pasqualini and Ruoslahti, 1996) , vascular targeting (Pasqualini, 1999) , and binding and nucleation of materials (Ghosh et al., 2014; Ghosh et al., 2012; Whaley et al., 2000) . However, they have not been exploited to achieve diffusive transport through the mucus barrier. Due to the sequence length and possible combinations of amino acids of these random peptide libraries, the libraries can serve as complex substrates to probe the microenvironment of mucus and identify mucus-penetrating peptides.
Mucus permeation may vary according to different organs and pathological conditions (Leal et al., 2017) . In cystic fibrosis (CF), an autosomal recessive disorder characterized by defective cystic fibrosis transmembrane conductance regulator (CFTR) expression primarily in epithelial cells (Bobadilla et al., 2002; Tang et al., 2009c; Tuggle et al., 2014) , abnormal chloride and bicarbonate ion transport lead to aberrant mucus. Increased water absorption and dehydration of the epithelia result in thickened mucus, increased viscoelasticity and a higher concentration of physical entanglements, which results in decreased permeability of particles and drugs (Boucher, 2003 (Boucher, , 2007a Dawson et al., 2003; Ehre et al., 2014; Sanders et al., 2000) . CF mucus has been found to hinder effective diffusion of drugs by up to 91% when compared to saline (Bhat et al., 1996) . Ultimately, CF patients develop untreatable chronic infections due to concentrated mucus and impaired mucociliary clearance that traps and protect pathogens.
As a result, the primary purpose of this work was to demonstrate the utility of phage libraries as a screening tool to identify phage-displayed peptides with improved transport across a CF mucus model. The CF mucus model serves as proof of concept to study transport through a biological barrier due to its barrier properties for drug transport, as described earlier. From screening, we identified phage-displayed peptides, their physicochemical properties for transport through a model of CF mucus, and probed for specific binding interactions between phage clones and mucin by enzyme-linked immunosorbent assay (ELISA). A number of reports have examined particle size and neutral charged formulations in mucosal environments (Crater and Carrier, 2010; Cu and Saltzman, 2009; Dawson et al., 2004a; Ensign et al., 2012; Lai et al., 2007; Schuster et al., 2013; Suk et al., 2009; Tang et al., 2009b; Wang et al., 2008a) ; however, none have reported phage-displayed peptides that are able to diffuse in a cystic fibrosis mucus model. This initial work to identify mucus-penetrating phage-displayed peptides may be translated to facilitate transport and improve delivery of drug and gene carriers across mucus barriers present in diseases like cystic fibrosis, asthma, and chronic pulmonary obstructive disease.
Experimental section

Preparation of CF mucus model
A cystic fibrosis mucus model (CF mucus) was adapted from McGill and Smyth (McGill and Smyth, 2010) . The model comprises of 80 mg/ mL mucin from porcine stomach type III (Sigma Aldrich, St. Louis, MO), 60 mg/mL mucin from porcine stomach type II (Sigma Aldrich, St. Louis, MO), 3.2 mg/mL lecithin (Spectrum Chemical, Gardena, CA), 32 mg/mL BSA (Fisher Scientific, Waltham, MA), 4.5 mg/mL NaCl (Fisher Scientific, Waltham, MA) in a 20 mM HEPES buffer (Life Technologies, Waltham, MA). The reagents were transferred to a sterile tube and mixed overnight at room temperature in a shaker at 5 rpm (Thermo Fisher Scientific, Waltham, MA).
Phage library screening in CF mucus
An M13 phage library of random heptapeptides fused to the pIII minor coat protein by a flexible linker (GGGS) (Ph.D.™-7 Phage Display Peptide Library, NEB, MA) with a library diversity of 1.3 × 10 9 plaque forming units (pfu), was iteratively screened against the CF mucus model in a 3.0 µm polyester membrane 12-well transwell system (Corning, MA) to identify mucus-penetrating peptides. The library diversity refers to the number of phage displaying different peptide sequences. An initial concentration of 2 × 10 10 phage pfu was mixed with CF mucus, and 250 µL of the mixture was transferred to the apical compartment (donor) in the transwell system containing 1.5 mL phosphate buffered saline (PBS) in the basolateral compartment (receiver), and incubated for 1 h at room temperature (25°C). After 1 h, the eluate was collected from the basolateral side and titered using standard double-layer plaque assay to quantify phage concentration. The eluted phage is 880 nm in length and 6.6 nm in diameter, is covered by 2700 pVIII coat proteins and has five copies each of pIII and pIX minor coat proteins at either end, along with pVI and pVII proteins (pVI, pVII, and pIX minor coat proteins are not represented in the figure) . Random oligonucleotides encode a 7-mer peptide library with a GGGS flexible linker fused into the N-terminus of pIII minor coat protein. The phage library can achieve up to 10 9 in diversity. Not drawn to scale. Adapted from (van Rooy et al., 2012) , with permission from Elsevier.
phage library was amplified in XL-1 Blue E. coli (Agilent, CA) to make more copies, which were quantified by plaque assay prior to the next round of screening. Equivalent amounts of input phage were added for each round. This iterative screening was performed for a total of four rounds.
Identification of individual phage clones
After the fourth round of screening, the elution sample was titered by plaque assay. Individual phage plaques (i.e. phage with individual sequences) were selected from titer plates, amplified in XL-1 Blue E. coli, and their DNA was isolated. Single-stranded phage DNA was purified from individual phage plaques using QIAprep Spin Miniprep kit (Qiagen, Germanton, MD) and sequenced by Sanger DNA sequencing. The insert region (i.e. encoding for phage-presenting peptide) was sequenced using the primer 5′-CTCATTTTCAGGGATAGCAA-3′. Physicochemical properties of peptide sequences were determined in silico using Protein Calculator v3.4 (The Scripps Research Institute, La Jolla, CA), with the hydrophobicity GRAVY score calculated according to Kyte-Doolittle (Kyte and Doolittle, 1982) . Sequence database analysis was performed using Basic Local Alignment Search Tool (BLASTp, U.S. National Library of Medicine, Bethesda, MD).
Diffusivity of phage clones in CF mucus and saline
The diffusion coefficients of selected phage-presenting peptide clones were calculated (Desai and Vadgama, 1991 ) from phage diffusion studies in a 3.0 µm polyester membrane 24-well transwell against CF mucus at room temperature (25°C). An initial concentration of 2 * 10 10 pfu was mixed with CF mucus and 100 µL of the mixture was transferred to the donor compartment in the transwell system containing 0.6 mL PBS in the receiver compartment. At 15, 30, 45, and 60 min, the entire eluate was collected from the receiver compartment and replenished with fresh PBS. Collected eluates were titered by plaque assay to determine phage concentration. The apparent diffusion coefficient (D) was calculated according to Fick's law of diffusion, by the following equation:
( 1) where D could be obtained from the slope of Q (amount of phage pfu transferred) versus time (t) plots. c 2 is concentration in the diffusion chamber (receiver), c 1 is concentration in the initial chamber (donor), X is the thickness of the membrane, and A is the surface area of the membrane. The data presented is the average of three independent experiments. Diffusion coefficients of phage clones in PBS were calculated using measurements from dynamic light scattering (DLS) (Zetasizer Nano, Malvern Instruments, Westborough, MA). Size measurements were performed at 25°C at a scattering angle of 173°. A concentration of 2 * 10 10 phage pfu was added to 1 mL PBS and measurements performed according to instrument instructions. The data presented is the average of three independent experiments. Diffusion coefficients were calculated from the Stokes-Einstein equation:
where D is the apparent diffusion coefficient, k is the Boltzmann constant, T is temperature in Kelvin, η is the solvent viscosity, and r H is the apparent hydrodynamic radius.
Phage ELISA
To characterize binding affinity of M13 phage clones to mucin, 96-well Nunc MaxiSorp plates (Thermo Fisher Scientific, Waltham, MA) were coated with 200 µL per well of a 100 µg/mL solution of mucin from porcine stomach type III in 0.1 M NaHCO 3 , pH 8.6, and incubated overnight at 4°C. Nonspecific binding sites on the wells were blocked by adding 300 µL of Pierce protein-free blocking buffer (Thermo Fisher Scientific, Waltham, MA), followed by incubation for 2 h at room temperature. Wells were washed 6 times with 300 µL of TBST (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% . Phage clones stocks were diluted to 5.0 * 10 11 pfu/mL in TBST in a separate blocked plate, and 100 µL of each phage dilution was added to a mucincoated well and incubated for 2 h at room temperature under gentle agitation. Wells were washed 6 times with 300 µL of TBST. Bound phage was probed using HRP-conjugated anti-M13 monoclonal antibody (Abcam, Cambridge, MA), diluted 1:50 in blocking buffer (100 µL/well), and incubated for 1 h at room temperature with gentle agitation. After washing wells 6 times with 300 µL of TBST, 100 µL/well of 1-step ultra TMB-ELISA substrate solution (Thermo Fisher Scientific, Waltham, MA) was added and incubated for 15-30 min at room temperature with gentle agitation until color development. The reaction was stopped by adding 100 µL/well of 2 M sulfuric acid. The absorbance of each well was measured at 450 nm by a plate reader (Infinite M200, Tecan, Switzerland). Data presented are the average of three independent experiments.
Statistical analysis
Unless otherwise indicated, all data are presented as mean ± standard deviation. All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA), at a significance level of p ≤ 0.05. An unpaired, two-tailed Student's t-test was used to determine the significance of differences between means of two groups. One-way analysis of variance (ANOVA) was used to determine the statistical significance of differences among means of more than two groups.
Results
Identification of peptide sequences with diffusion across CF mucus
A phage library displaying heptapeptides with a flexible linker (GGGS) and a diversity of 1.3 * 10 9 pfu (i.e. amount of phage displaying different peptides) was iteratively screened against a CF mucus model ( Fig. 2A) to identify peptides that diffuse across the barrier. In the first round, the original phage library (2.0 * 10 10 pfu) was mixed with CF mucus, added on the donor side of the transwell system (Fig. 2B) , and the number of phage that diffused to the receiver side was quantified by plaque formation assay after 1 h. Phage collected in the first round was amplified and underwent a second round of screening across CF mucus. The same procedure was repeated for a total of four rounds of screening, with equivalent initial amounts of phage added for each round. In the fourth round, there was a 17.5-fold enrichment in the amount of eluted phage that penetrated through CF mucus, compared to the first round (Fig. 2C ). This finding indicates that after four rounds of screening, the phage pool that transports across CF mucus was enriched for clones that have favorable interactions with mucus for transport (i.e. phage whose transport was not completely hindered by mucus). There was negligible difference in concentration of phage that penetrated across the CF mucus between round 1 and round 3 screenings (Fig. 2C) . Enrichment of mucus penetrating phage at the fourth round of screening suggests a selection of phage with desired properties (i.e. mucus penetration) (Dennis, 2015) . Thirty phage clones were isolated and identified by Sanger DNA sequencing to identify peptide sequences from the fourth round. Twenty-six unique peptides were identified (Table S1 ). The amino acid frequencies of the peptides sequenced in round 4 and the original library are illustrated in Fig. 3 . Interestingly, there is an enrichment in proline (P), serine (S), and threonine (T) amino acids in round 4 sequences compared to the original library (Fig. 3) . The backbone of mucin proteins consists of repeat 'PTS' (proline, threonine, and serine) domains (Thornton et al., 2008) , and the enrichment of these amino acids in round 4 eluate suggests that peptides mimicking mucin sequences may diffuse in mucus, potentially due to unhindered intermolecular interactions with mucins. The physicochemical properties of phage clones recovered from the fourth round of selection against CF mucus were determined (Table 1 and Supplementary Table 1) . Peptide sequence frequencies obtained may vary depending on the possible different codons for each amino acid, and their frequency can affect the diversity of the original library, as well as the results from panning experiments. Nevertheless, the rationale used to select sequences of interest in this work was not only based on the most abundant sequences after rounds of selection, but rather on the physicochemical properties of the selected sequences. Of interest, SSQLSRP, ISLPSPT, and YNSPTHH presented close to neutral charges at pH 7.0 and were neutral to hydrophilic as indicated by the GRAVY index score (grand average of hydropathy) calculated according to the literature (Kyte and Doolittle, 1982) (Table 1) . Since prior work with net-neutral charge, hydrophilic polymers improved transport in mucus (Calvo et al., 1997; Dawson et al., 2004b; Griffiths et al., 2015; Lai et al., 2007; Suk et al., 2009; Tang et al., 2009a; Wang et al., 2008b; Xu et al., 2013) , these peptide sequences were used in subsequent experiments.
Diffusion assay of phage clones displaying the identified peptides across CF mucus
To confirm that the identified peptides improved diffusion of phage across CF mucus, the apparent diffusion coefficients of phage clones displaying SSQLSRP, ISLPSPT, and YNSPTHH (denoted as SSQ-phage, ISL-phage, and YNS-phage, respectively) in CF mucus were measured by a bulk diffusion assay and compared to wild-type phage that did not display any peptides on the pIII capsid (M13KE). Free diffusion of phage in PBS was not measured by bulk diffusion assay because phage diffusion is rapid in aqueous solution and cannot be accurately measured in our system. Instead, to determine phage diffusion in PBS, the hydrodynamic diameters of phage clones suspended in PBS were measured by dynamic light scattering (DLS) and used to calculate the apparent diffusion coefficients from the Stokes-Einstein equation. The experimental values obtained here for M13 phage diffusion coefficients in PBS are in agreement with what has been found in the literature for filamentous fNEL phage in water (68 ± 10 * 10 −9 cm 2 /s) (Hu et al., 2010) and filamentous fd phage in the isotropic phase in buffers (Blanco et al., 2011; Lettinga et al., 2005) . The calculated values are listed in Table 2 .
As shown in Fig. 4A , all phage clones diffused across CF mucus to the receiver compartment starting after 15 min, and the increase in diffused amounts (Q) was time-dependent. The diffused fraction of the ISL-phage in CF mucus was 2.7-fold greater compared to wild-type control phage at 1 h (Fig. 4A) . The ISL-phage diffusion coefficient in CF mucus was 2.6-fold higher compared to wild-type control phage ( Fig. 4B and Table 2 ). These findings suggest that the ISL identified peptide have the ability to facilitate phage diffusion across CF mucus. However, the difference in the diffusion coefficient of ISL-phage and M13KE in CF mucus was not statistically significant ( (Cormier and Janes, 2014) . The average diffusivity of M13KE, SSQ-, ISL-, and YNS-phage clones in CF mucus decreased 288-, 251-, 116-, and 258-fold compared to the same phage clones in PBS, respectively ( Fig. 4B and Table 2 ).
Phage binding affinity ELISA
To understand binding affinities between phage-displayed peptides and the major protein component of mucus (mucin), an enzyme-linked immunosorbent assay (ELISA) was performed using as the target a 100 µg/mL solution of mucin from porcine stomach type III immobilized on the wells of 96-well Nunc MaxiSorp plates with high protein-binding capacity. A mucin solution was used instead of CF mucus since other mucus components such as lecithin or BSA might block the binding of mucin protein to the wells, or even promote heterogeneous binding, affecting results. Phage clones SSQ-phage, ISLphage, and YNS-phage binding to mucin was measured by ELISA and compared to wild-type phage that did not display any peptides on the pIII coat protein (M13KE). The anti-M13 antibody used for detection binds specifically to an epitope on the pVIII major coat protein, covering the N-terminal region of the g8p: AEGDDPAKAAFDSLQASAT (https://www.abcam.com/m13-antibody-b62-fe2-hrp-ab50370.html). There is no difference in sequence of the pVIII phage coat protein between the Ph.D.-7 library and the wild-type M13KE phage. Therefore, the anti-M13 antibody used is expected to have the same binding affinities between M13KE and Ph.D.-7 phage library clones; thus the binding affinities measured correlate with phage-mucin interactions.
M13KE wild-type phage demonstrated a statistically significant higher binding affinity for mucin than phage clones SSQ-phage, ISLphage, and YNS-phage (Fig. 5) . Mucin only and monoclonal antibody only controls did not show specific binding, confirming that the measured binding affinities are specific to interactions between phage and mucin.
Discussion
Phage display library screening led to the identification of CF mucus penetrating peptides
Physicochemical mechanisms governing mucus permeability to particles and molecules include size exclusion, hydrogen bonding, electrostatic and hydrophobic interactions, and other specific binding interactions (Leal et al., 2017; Lieleg and Ribbeck, 2011) . Particles and molecules can adhere to mucin fibers or can be hindered by the size of the mesh spacing between the mucin fibers (Olmsted et al., 2001) . In this study, we identified and then evaluated three phage-displayed peptides that facilitate diffusion across a CF mucus model. The peptides and added on the apical side of a transwell system. Phage that diffused across the mucus layer were recovered from the basolateral side at specific time points, and phage concentration in the eluates was determined by plaque assay. (B) Apparent diffusion coefficients of phage clones in PBS and CF mucus. The insert describes a plot of the same data with CF mucus only (p = 0.068 for ISL-phage and M13KE in CF mucus). Data represents mean ± SD (n = 3). were identified by in vitro screening of phage display libraries. The screening was designed to specifically select for peptides that could facilitate phage transport across mucus. The selection resulted in a small set of peptide sequences with close to neutral charges in the mucus pH environment and were mostly hydrophilic. Interestingly, a BLAST search revealed that the peptide sequence ISLPSPT has homology to mucin-16 (MUC16), a cell surface associated mucin present in the airways, salivary glands, cervix, and eyes (Leal et al., 2017) , which might suggest that mucin-mimicking peptides sequences have enhanced diffusivities in mucus. However, further future work should be conducted to prove this hypothesis since there is no statistical significance in the BLAST alignments due to the shortness of the sequence. BLAST results for SSQLSRP and YNSPTHH did not show similarity to protein sequences associated with mucus. It is feasible that mucus biomimetic peptides might shield or have less hindered intermolecular interactions with mucins, facilitating their diffusion across mucus. The concept of substrate-mimicking peptides has been reported with collagen-like peptides, whereby peptide sequences with sequence homology to collagen (G-X-X, where X is proline or hydroxyproline), are able to bind and favorably interact with collagen substrates (Chan et al., 2010; Chung et al., 2011; Jin et al., 2014) . Additionally, the combinations of alternately positively and negatively charged amino acids have been previously shown to minimize interactions with mucus and help achieve unhindered diffusion of viruses and macromolecules in mucus (Cone, 2009; Li et al., 2013; Olmsted et al., 2001) . This is in agreement with reported literature, where virus-like particles (∼38 to 55 nm in diameter) with capsid densely coated with equal positive and negative charges are able to diffuse as rapidly in human cervical mucus as saline (Olmsted et al., 2001 ), due to a hydrophilic and net-neutral surface that minimizes hydrophobic and electrostatic adhesive interactions (Cone, 2005; Lai et al., 2007) . However, amine-, carboxyl-, and epoxy-functionalized polystyrene nanoparticles with similar size to the virus-like particles strongly adhered to mucus and had negligible diffusion in human cervical mucus (Olmsted et al., 2001 ). Also, others have shown alternating charged peptides exhibit enhanced transport in mucus compared to block charge peptides with the same net charge and amino acid composition, which suggests the role of amino acid permutations in diffusion through the mucus barrier (Li et al., 2013) .
Enrichment after four rounds of screening indicates selection for phage particles with enhanced diffusion across CF mucus
From diffusion experiments in CF mucus with phage clones displaying peptide sequences, the mucin-mimicking peptide phage (ISLphage) exhibited higher diffusivity compared to the other peptide sequences and the control phage without peptide. However, no statistical significance was found between samples. This could be explained partially by the common increased variation between replicates found in traditional gold standard plaque assays (Cormier and Janes, 2014) . Also, the possible interactions between the phage particle and CF mucus may impact the transport of phage through the barrier. The M13 phage is 880 nm in length and 6.6 nm in diameter, has five copies each of pIII and pIX proteins at either end, along with pVI and pVII proteins , and is covered by 2700 pVIII coat proteins. Since M13 is like a flexible rod and can stretch and bend to have different conformations (and sizes) (Khalil et al., 2007) , M13 phage can have hindered diffusion in CF mucus due to size exclusion mechanisms. Moreover, the M13 Ph.D.-7 library is a combinatorial library of random heptapeptides fused to the minor coat protein pIII of M13 phage. However, the majority of the coat proteins are pVIII, which assemble along the length of the phage and have the largest surface area. As a result, it is feasible that interactions between the native pVIII coat protein and CF mucus affect transport. The net-negative charge of pVIII may minimize electrostatic attraction with mucus and have repulsive interactions with mucus for diffusive transport. However as stated before, since M13 can conform into different shapes, the peptides displayed on pIII can facilitate and possibly improve transport through the mucus.
According to reports in the literature with naïve libraries (Dennis, 2015; Marks et al., 1991; Winter et al., 1994) , enrichment is usually not observed during the first two rounds of selection, but followed by an enrichment ratio greater than 10 and as high as 1000 or more in later rounds. Enrichment was not observed in the first three rounds of screening. We speculate that it was a result of the higher stringency of the mucus barrier used in the screenings, as demonstrated by the low ratios of output to input (data not shown). According to Derda and colleagues (Derda et al., 2011) , the panning stringency can be tuned to minimize the selection of non-specific sequences, where increasing the strength of the selection helps avoid selection of non-specific fast-amplifying clones. Additionally, we compared the phage clones isolated from the fourth round of screening (Supplementary Table 1 ) with databases encompassing previously isolated peptides and known as "target unrelated peptides" (TUP) motifs (Huang et al., 2010; Huang et al., 2011; Matochko et al., 2014) . These databases have identified a large set of fast growers sequences. The sequences selected for further validation (SSQLSRP, ISLPSPT, and YNSPTHH) were not found in these extensive databases. However, the sequence GETRAPL, known as a suspected TUP for binding to various targets, was present. Nevertheless, this sequence only represented 10% of the total sequenced clones, and it was not subsequently tested. Moreover, it is not clear to which extent overrepresented sequences in the original library or fast growers should be considered as non-specific sequences; previously, identified fast growing sequences panned from Ph.D.-7 libraries (Matochko et al., 2014) are enriched and can also have confirmed functionality, such as target binding. Regardless, a 17.5-fold enrichment after four rounds of screening compared to the first round suggests selection for diffusive phage particles, and a 2.6-fold improvement in the diffusion coefficient with the mucus mimicking peptide phage (ISL-phage) compared to wild-type control phage indicates that peptides can facilitate diffusive transport of phage through mucus.
Probing for binding affinities indicates lower binding of phagedisplaying peptides to mucin
An enzyme-linked immunosorbent assay (ELISA) demonstrated that wild-type phage that did not display any peptides on the pIII capsid had a statistically significant higher binding affinity for mucin compared to phage-displayed peptide clones SSQ-phage, ISL-phage, and YNS-phage. SSQ-and ISL-phage presented the lower binding affinities to mucin, which correlated with their higher diffusion coefficients found in CF mucus.
Mucins, the primary non-aqueous component of mucus, are gelforming polymers carrying a complex and heterogeneous structure with domains that undergo a variety of molecular interactions, such as hydrophilic/hydrophobic, hydrogen bonds and electrostatic interactions (Bansil and Turner, 2006; Khanvilkar et al., 2001; Leal et al., 2017; Thornton and Sheehan, 2004) . These domains constitute numerous binding sites for interactions with molecules and particles. Binding interactions with mucins or other components in mucus hinder diffusion and thus inhibit transport (Lieleg and Ribbeck, 2011) . Indeed, wild-type phage and YNS-phage presented higher binding interactions with mucin and lower diffusion coefficients in CF-like mucus. This finding suggests that the greater the affinity of a molecule bound to mucin, less time it has to freely diffuse.
Conclusions
Here, we presented a high-throughput strategy to screen a large repertoire of phage-displayed peptides and identify sequences that facilitate transport of bacterial viruses across complex cystic fibrosis mucus barriers. An M13 phage peptide library was iteratively screened against a CF mucus model to identify phage-displayed peptides with the ability to penetrate through mucus. Selected identified phage clones displaying peptides were assayed against CF mucus and saline to quantify their diffusivities. Results yielded phage-presenting peptide sequences that demonstrated up to 2.6-fold enhanced diffusivities in CF-mucus compared to wild-type control. Moreover, we were able to demonstrate by probing binding affinities that phage-displaying peptides bind weakly to mucins compared to wild-type phage, and there was a slightly negative correlation between the diffusion coefficients of phage clones in CF mucus and the binding affinity between phage with mucin. While further studies are needed to translate this work with patient samples, these findings suggest that this biomolecule-based strategy can be extended to facilitate transport of drugs, particles and drug carriers through previously intractable physiological barriers, such as the mucus barrier present in various diseases including CF, chronic pulmonary obstructive disease, and HIV.
